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FGF23 neutralization improves chronic kidney
disease—associated hyperparathyroidism
yet increases mortality
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Chronic kidney disease-mineral and bone disorder (CKD-MBD) is associated with secondary hyperparathy-
roidism (HPT) and serum elevations in the phosphaturic hormone FGF23, which may be maladaptive and lead
to increased morbidity and mortality. To determine the role of FGF23 in the pathogenesis of CKD-MBD and
development of secondary HPT, we developed a monoclonal FGF23 antibody to evaluate the impact of chronic
FGF23 neutralization on CKD-MBD, secondary HPT, and associated comorbidities in a rat model of CKD-
MBD. CKD-MBD rats fed a high-phosphate diet were treated with low or high doses of FGF23-Ab or an isotype
control antibody. Neutralization of FGF23 led to sustained reductions in secondary HPT, including decreased
parathyroid hormone, increased vitamin D, increased serum calcium, and normalization of bone markers
such as cancellous bone volume, trabecular number, osteoblast surface, osteoid surface, and bone-formation
rate. In addition, we observed dose-dependent increases in serum phosphate and aortic calcification associated
with increased risk of mortality in CKD-MBD rats treated with FGF23-Ab. Thus, mineral disturbances caused
by neutralization of FGF23 limited the efficacy of FGF23-Ab and likely contributed to the increased mortality

observed in this CKD-MBD rat model.

Introduction
Chronic kidney disease-mineral and bone disorder (CKD-MBD)
is a growing health care concern associated with secondary hyper-
parathyroidism (HPT), mineral abnormalities, increased risk of car-
diovascular disease, and elevations in FGF23. FGF23, a hormone
secreted primarily by osteoblasts and osteocytes (1, 2), is a physio-
logical regulator of circulating phosphate and vitamin D (3). FGF23
was identified as the causative factor of rare hypophosphatemic
syndromes characterized by phosphate wasting, low 1,25 dihy-
droxyvitamin D3 (vitamin D, 1,25[OH],D3) serum levels and rick-
ets or osteomalacia (4-7). In humans, loss of FGF23 function was
found to lead to hyperphosphatemia, increased serum vitamin D
levels, and ectopic soft-tissue calcifications (8, 9). FGF23 target
organs comprise those that express coreceptor klotho, such as kid-
ney and parathyroid glands (10). FGF23 functions as a phosphatu-
ric agent by downregulating sodium phosphate cotransporters in
the kidney proximal tubule and by inhibiting synthesis of serum
vitamin D through suppression of renal 25-dihydroxyvitamin Dj
la hydroxylase (1a-[OH]Jase) expression (11). In healthy individu-
als, increased dietary phosphate load has been reported to increase
serum levels of FGF23 (12).

In CKD, decreased phosphate excretion due to impaired renal
function is accompanied by increases in serum levels of FGF23,
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which maintains normal serum phosphate levels by inducing
phosphate excretion and suppressing vitamin D synthesis. This
compensatory mechanism fails as kidney failure advances, leading
to overt hyperphosphatemia, which, along with lower serum vita-
min D levels and hypocalcemia, drives the development of second-
ary HPT. Growing evidence suggests that serum FGF23 levels are
early contributors to the development of secondary HPT through
suppression of serum vitamin D and calcium levels (13, 14).

CKD patients are at increased risk of cardiovascular disease, the
leading cause of mortality in this population (15). Vascular calci-
fication is a prognostic marker of cardiovascular mortality associ-
ated with arterial stiffness (16), LV hypertrophy (LVH) (17), and
cardiovascular events (18). In addition to “classic” risk factors (i.e.,
diabetes, hypertension, dyslipidemia, and aging), cardiovascular
disease and mortality are associated with “nontraditional” risk fac-
tors specific to CKD, such as mineral disturbances (hypercalcemia,
ref. 19; and hyperphosphatemia, ref. 20), hormonal imbalances,
(e.g., secondary HPT, ref. 21), and elevated serum FGF23 levels.
Several studies have reported strong positive associations between
serum FGF23 levels and progression to kidney failure (22), LVH
(23), cardiovascular events (24), and mortality in patients (25, 26)
with CKD (predialysis and dialysis) independent of serum phos-
phate levels. A recent study performed in a large racially diverse
nondialysis CKD population confirmed the association of elevated
serum FGF23 levels with LVH (27).

Whether elevated serum FGF23 levels are a direct contributor to
cardiovascular disease and mortality or an early biomarker reflect-
ing mineral disturbances in this patient population is an area of
considerable interest. FGF23 lacks the typical heparin-binding
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Figure 1

Characterization of FGF23-Abs in normal
rodents. (A) Rat FGF23 dose-response in
CHO—-KI-ELK-1 luciferase reporter cells.
§P < 0.001 versus CHO-ELK-1 and parental
CHO cells and FGF23, ANOVA plus Tukey’s
post test. (B) Rat anti-rat FGF23 hybridoma-
conditioned medium inhibited FGF23 bind-
ing to FGFR-KI. Each bar represents the
mean result from duplicate wells. Blank,
no FGF23 control. (C) FGF23-Ab inhibited
binding to FGFRs 1c, 3c, and 4. (D) FGF23-
Ab inhibited FGF23 ELK-1 signaling in
CHO-KI cells. *P < 0.05, **P < 0.01 versus
FGF23-Ab; #*P < 0.05, #P < 0.01 versus
** FGF23-Ab, t test. (E) A single FGF23-Ab
injection increased serum phosphate in nor-
mal mice. Balb/c male mice were injected
with FGF23-Ab, control Ab or PBS vehicle
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domain found in prototypical FGFs, such as FGF2, necessitating
interaction with klotho for high-affinity FGF receptor binding.
Studies have suggested that particular heparins may substitute
for klotho in the binding of supraphysiological levels of FGF23,
leading to FGF2-like receptor activation (28). This observation
is of particular interest for the heart because FGF2 is known to
cause myocardial hypertrophy in rats (29, 30). Consistent with
this notion, supraphysiological levels of FGF23 directly induced
hypertrophy and the cardiac fetal hypertrophic gene program in
isolated ventricular myocytes via FGF receptor activation, nota-
bly in the absence of klotho (27). Importantly, intraventricular or
intravenous injection of FGF23 in normal mice caused LVH, and
in the 5/6Nx CKD rat model, FGF receptor inhibitor treatment
improved LVH, supporting a direct maladaptive role for supra-
physiological levels of FGF23 on the myocardium (27). Taken
together, these findings suggest that while elevated serum FGF23
functions as a phosphaturic hormone to maintain serum phos-
phate levels in patients with CKD-MBD, the supraphysiological
levels may also be maladaptive and contribute to increased second-
ary HPT, morbidity, and mortality in this population. To address
these questions, we generated an FGF23-neutralizing Ab to evalu-
ate whether 6-week chronic administration of FGF23-Ab affected
progression of CKD-MBD by altering secondary HPT and associ-
ated comorbidities in a rat model of early CKD-MBD.

Results

FGF23-Ab production and characterization. To mitigate concerns of
an immune response, we generated a rat anti-rat FGF23 mono-
clonal Ab that blocked the ability of FGF23 to bind and signal
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(n =3 PBS, n=7 control Ab, n = 10 FGF23-
Ab; mean + SEM; *P < 0. 05 versus PBS or
control Ab, ANOVA plus Tukey’s post-test).
(F) A single FGF23-Ab injection increased
§ serum phosphate in normal rats. Serum
phosphate was measured daily for 4 days.
(n = 4/group; mean + SEM; **P < 0.01,
SP < 0.001, 8P < 0.0001 versus respective
day control Ab, unpaired t test. ##P < 0.001
versus baseline, ANOVA plus Dunnett’s mul-
tiple comparison test). BL, baseline (time 0)
before each treatment was administered.

though its receptors. A stable form of rat FGF23 R176Q/R179Q
(FGF23) that dose-dependently increased luciferase reporter activ-
ity in CHO cells expressing ELK-1 luciferase reporter (CHO-ELK-1
reporter cells) (half-maximal effective concentration (ECs), 2.8
ng/ml) (Figure 1A) was used to characterize FGF23-neutralizing
Abs. Anti-rat FGF23-Ab-expressing hybridomas generated from
rats immunized with wild-type rat FGF23 were screened and
found to inhibit FGF23 binding to CHO-klotho (CHO-KI) cells.
Clone #58-5 was selected for further characterization based on
its binding and inhibitory parameters and is herein referred to as
FGF23-Ab. FGF23-Ab dose dependently inhibited FGF23 bind-
ing to CHO-KI cells (Figure 1B). Purified FGF23-Ab bound to rat
FGF23 with an equilibrium dissociation constant (Kp) of less than
2 nM, inhibited rat FGF23 plus klotho from binding to immobi-
lized FGFRs (Figure 1C), and blocked FGF23 signaling in CHO-
ELK-1 cells (ICso 2 nM) (Figure 1D).

FGF23-Ab increased serum phosphate in normal mice and rats. A single
injection of FGF23-Ab (1.25 mg/kg) in mice significantly elevated
serum phosphate by 24 hours compared with PBS buffer and rat
isotype IgG2a control Ab (P < 0.05 for each; Figure 1E). Similarly,
a single injection of FGF23-Ab (10 mg/kg) in rats significantly
elevated serum phosphate by day 1 compared with control Ab
(P <0.001). The serum phosphate remained significantly elevated
atday 2 (P < 0.0001), day 3 (P < 0.001), and day 4 (P < 0.01), sug-
gesting inhibition of FGF23’s phosphaturic function (Figure 1F),
as demonstrated by others (31).

Increased mortality in high-dose FGF23-Ab—treated CKD rats. At differ-
ent times during the 6 weeks of treatment, some animals died or
were found moribund and euthanized (ME). Overall, fewer 5/6Nx
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rats survived to the end of the study in the high-dose FGF23-Ab
(10 mg/kg) group (8 survivors out of 16) compared with 5/6Nx
control Ab and low-dose FGF23-Ab (3 mg/kg) groups (14 sur-
vivors out of 16 in each group). Analysis of the survival curves
across all treatment groups demonstrated that the differences
were statistically significant (P = 0.0025, Figure 2). Al ME animals
(across 5/6Nx groups) had spikes in blood urea nitrogen (BUN)
and serum creatinine levels, comparing the final and penultimate
measurements, that were increased more than 2-fold over baseline
values (range 104 to 387 mg/dl and 1.7 to 5.4 mg/dl, respectively).
On average, the decrease in estimated glomerular filtration rate
(eGFR) between the baseline assessment and last measurement
was greater in rats that did not complete the study than in those
that did, and at their last assessment, these rats had a lower eGFR.
No animals died in the normal and sham-treated control groups.

A -@- MNormal + control Ab, ND B
-m Sham + control Ab, HPD
—&— 5/6Nx + control Ab, HPD
-* 5/6MNx + FGF23-Ab (3 mg/kg), HPD
+- 5/6Nx + FGF23-Ab (10 mg/kg), HPD
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Figure 2

Survival plot demonstrates higher mortality in the high-dose FGF23-
Ab group. Started with normal + control Ab, ND (n = 10); sham-treated
+ control Ab, HPD (n = 12); 5/6Nx + control Ab, HPD (n = 16); 5/6Nx
+ FGF23-Ab (3 mg/kg), HPD (n = 16); 5/6Nx + FGF23-Ab (10 mg/kg),
HPD (n = 16). Note that the normal + control Ab, ND and the sham-
treated + control Ab group results are superimposable at 100% survival
throughout the 6-week treatment period.

Results for animals that died were excluded from further analysis.
Data for serum chemistries in the high-dose group (Figures 3 and 4)
were obtained from 9 rats, and histopathology data (Tables 1,2, and
3) were obtained from 8 of these 9 rats due to lack of tissue collec-
tion from 1 rat that was sacrificed 1 day before the end of the study.

FGF23-Ab treatment altered serum mineral homeostasis and hormones
but did not have a major effect on renal function in CKD-MBD 5/6Nx
rats. Renal impairment and secondary HPT were apparent at base-
line when treatment was initiated 6 weeks after 5/6Nx surgery,
which included 3 weeks on a high-phosphate diet (HPD) (Table 4
and Figures 3 and 4). In the 5/6 Nx rats, eGFR remained constant
throughout the treatment period (Figure 3A) and BUN trended
to increase toward the end of the study (Figure 3B). Changes in
serum markers, including FGF23 (Figure 3C), consistent with pro-
gressive secondary HPT and altered mineral homeostasis (Figure 3,
Cand D, and 4, A-E), were observed in nontreated 5/6Nx rats.

FGF23-Ab treatment had no effect on body weight (Table 4),
eGFR (Figure 3A), or serum creatinine (data not shown). BUN
was significantly higher in the high-dose group than in the 5/6Nx
control Ab group at weeks 1, 2, and 4 (Figure 3B). FGF23 neu-
tralization attenuated the 5/6Nx-induced increase in serum para-
thyroid hormone (PTH), with significantly lower mean serum
PTH levels in the high-dose group at weeks 1, 3, and S and in the
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low-dose group at weeks 1, 3, and 4 as compared with the 5/6Nx
control Ab group (Figure 3D).

High-dose treatment generally led to significantly higher mean
serum phosphate levels than control Ab treatment in 5/6Nx rats
(Figure 4A). Fractional excretion of phosphate (FEp;) was variable
within the high-dose group, but significantly lower at weeks 1, 2,
and S compared with the 5/6Nx control Ab group (Figure 4B).
The amount of urinary phosphate excretion did not change with
FGF23-Ab treatment (data not shown). Mean serum calcium lev-
els in the high-dose group were significantly greater than in the
5/6Nx control Ab group (Figure 4C). The amount of urinary cal-
cium excretion was higher at several time points for both FGF23-
Ab treatment groups (Figure 4D).

Mean serum vitamin D levels were significantly greater on aver-
age across the entire study in the high-dose group compared with
the 5/6Nx control Ab group (P = 0. 015) (Figure 4E), consistent with
an upward trend in renal Io-(OH)ase (Cyp27b1) mRNA observed
in FGF23-Ab-treated animals at the end of the study (Figure SA).
Cyp24al (25-hydroxyvitamin D; 24-hydroxylase [24-(OH)ase]) expres-
sion, which was significantly elevated by 5/6Nx, was not significant-
ly altered by FGF23-Ab administration (Figure 5B). No changes in
renal sodium phosphate transporter (NaP2a, Slc34al) or klotho were
observed in animals administered FGF23-Ab compared with 5/6Nx
control Ab-treated rats at the end of the study (Figure 5, C and D,
respectively). In summary, FGF23-Ab generally reversed CKD-induced
secondary HPT and suppression of serum vitamin D and calcium
levels (the latter likely triggers for the development of secondary
HPT), whereas CKD-induced hyperphosphatemia was exacerbated.
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FGF23-Ab treatment did not significantly alter renal pathology in
the 5/6Nx model of early CKD-MBD. In contrast to the changes in
serum biochemistries, the nephropathy observed in 5/6Nx rats
at the end of the study was not affected by FGF23 neutralization
as determined by semiquantitative histological examination of
remnant kidneys (Table 1).

FGF23-Ab treatment did not have an impact on ventricular hypertroply
or hemodynamic parameters. Ventricular hypertrophy, determined as
increased gross size of the LV and increased cardiomyocyte diame-
ter, was minimal in both treated and control 5/6Nx animals at the
end of the study, with no significant trends in the incidence of ven-
tricular hypertrophy in treated versus nontreated animals (Table 2).
Further, FGF23-Ab treatment did not alter 5/6Nx-induced eleva-
tions in gene expression of the heart hypertrophy markers, skeletal
muscle a-actin, heavy chain myosin, and atrial natriuretic peptide
(Figure 6, A-D, respectively).

Group mean blood pressures were similar for all animals that had
not undergone 5/6Nx (sham-treated and normal control groups)
and were consistent with expected hemodynamic parameters from
restrained rats. In 5/6 Nx rats, no treatment-related changes were
observed for mean arterial pressure (MAP), with mean + SEM val-
ues after 3 weeks of treatment as follows: 123 + 14 mmHg for sham,
130 + 39 mmHg for 5/6Nx control, 135 + 29 mmHg for low dose,
and 134 + 32 mmHg for high dose. After 6 weeks of treatment,
MAP values were 125 + 7 mmHg for sham, 145 + 32 mmHg for
5/6Nx control, 143 + 29 mmHg for low dose, and 134 + 32 mmHg
for high dose. Although MAP was slightly higher in 5/6Nx groups
compared with sham, this was not statistically significant.
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Semiquantitative kidney histopathology scores in 5/6Nx and control rats treated with FGF23-Ab or control Ab for 6 weeks

Normal + Sham +control ~ 5/6Nx + control ~ 5/6Nx + FGF23-Ab  5/6Nx + FGF23-Ab
control Ab (ND) Ab (HPD) Ab (HPD) (3 mg/kg) (HPD) (10 mg/kg) (HPD)
(n=10) (n=12) (n=14) (n=14) (n=8)
Chronic progressive nephropathy, n (%)
Minimal 2 (20%) 2 (17%) - - -
Fibrosis, cortex, focal (CPN), n (%)
Mild 1(10%) 1(8%) 0 0 0
Basophilia, tubular, cortex (CPN), n (%)
Minimal 2 (20%) 1(8%) 0 0 0
Mild 1(10%) 1(8%) 0 0 0
Infiltration, mononuclear cell, cortex (CPN), n (%)
Minimal 4 (40%) 0 0 0
Pyelonephritis (CPN), n (%)
Minimal 0 1(8%) 0 0 0
Nephropathy, n (%)
Mild 0 3(21%) 3(21%) 3 (38%)
Moderate 0 0 11 (79%) 10 (71%) 5 (63%)
Marked 0 0 1(7%) 0

n (%), number and percentage of animals per group with pathology severity as indicated; 0, undetectable. CPN, chronic progressive nephropathy, a back-
ground lesion. Semiquantitative scores were obtained by a blinded pathologist. Sham, sham treated.

FGF23-Ab treatment promoted aortic calcification in CKD rats. Aortic
calcification was not detected in the 5/6Nx control Ab-treated
group. The mean + SEM aortic calcification score, as determined
by semiquantitative histological assessment (0, none; 1, mini-
mal; 2, mild; 3, moderate; 4, marked; 5, severe), was greater in
the high-dose than the low-dose group (3.75 + 0. 65, n = 8 versus
1.43 + 0.36, n = 14; P = 0.0056) and significantly higher in
both groups than in the 5/6Nx control Ab group (Figure 7A;
P <0.0001, P =0.0006, respectively). “Severe” calcification scores
were present only in the high-dose group, in which 7 out of 8
rats had calcified aorta. In the low-dose group, 9 out of 14 rats
had calcified aorta. In general, serum phosphate (Figure 4A and
Figure 7B) and calcium levels were higher (Figure 4C and Figure
7C) comparing FGF23-Ab groups whose aortae calcified with
the 5/6Nx control Ab group whose aortae did not calcify. Thus,
FGF23-Ab treatment was associated with dose-dependent calci-
fication of aortae in 5/6NXx rats.

Table 2

FGF23-Ab treatment improved bone parameters observed in 5/6 Nx
CKD rats. The renal osteodystrophy associated with CKD-MBD
and secondary HPT manifested in 5/6Nx control rats as signifi-
cantly higher cancellous volume, mineralizing surface, mineral
apposition rate, and bone formation rate compared with that
of sham-treated control rats (Table 3 and Figure 8). Static his-
tomorphometric parameters revealed a significant increase in
several parameters (cancellous bone volume, trabecular number,
osteoblast surface, osteoid surface, and osteoclast surface) in the
5/6Nx control Ab group compared with the sham-treated control
group. In general, FGF23-Ab treatments decreased these param-
eters (Table 3). Cancellous bone volume and trabecular number in
the high-dose group were not significantly different from those of
sham-treated controls (Table 3 and Figure 8, A and D). Although,
osteoblast and osteoid surfaces were decreased by high-dose treat-
ment, they remained higher than those of the sham-treated con-
trol group. Osteoclast surface was further increased after treat-

Semiquantitative heart histopathology scores in 5/6Nx and control rats treated with FGF23-Ab or control Ab for 6 weeks

Normal + Sham + control ~ 5/6Nx + control 5/6Nx + FGF23-Ab 5/6Nx + FGF23-Ab
control Ab (ND) Ab (HPD) Ab (HPD) (3 mg/kg) (HPD) (10 mg/kg) (HPD)
(n=10) (n=12) (n=14) (n=14) (n=8)
Inflammation, histiocytic, myocardium, n (%)
Mild 0 0 1(7%) 0 0
Hypertrophy, ventricle, myocardium, left, n (%)
Minimal 2 (20%) 3 (25%) 5 (36%) 4 (29%) 4 (50%)
Infiltration, mononuclear cell, myocardium, n (%)
Minimal 3(30%) 0 2 (14%) 0 0
Fibrosis, ventricle, myocardium, left, focal/multifocal
Minimal 0 0 1(7%) 0 2 (25%)
Mild 0 0 2 (14%) 1(7%) 1(13%)

n, number of animals per group with pathology as described in column 2; 0, No finding; %, percentage of animals per group with pathology as described in

column 2. Semiquantitative scores were obtained by a blinded pathologist.
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Table 3

Histomorphometry of proximal tibia in 5/6Nx and control rats treated with FGF23-Ab or control Ab for 6 weeks

Normal + Sham + control
control Ab (ND) Ab (HPD)
(n=10) (n=12)
Dynamic
sLS/BS, % 24.63 (10.68) 31.17 (11.49)
dLS/BS, % 18.74 (6.58) 9.89 (7.10)
MS/BS, % 31.06 (4.34) 25.47 (9.36)
MAR, um/d 1.39 (0.30) 1.46 (0.24)
BFR/BS, um?3/um?2/d 0.44 (0.15) 0.38 (0.17)
Static
BV/TV, % 5.34 (3.84) 3.38 (2.79)
Tb.Wi, um 25.51 (3.44) 27.03 (4.75)
Tb.N, no./mm 2.37 (1.41) 1.44 (1.13)
Tb.Sp, um 617.48 (542.67) 2225.26 (3452.34)
0c.S/BS, % 2.7+(1.4) 3.5(1.5)
0b.S/BS, % 19.7 (6.7) 24.7 (8.9)
0S/BS, % 17.3 (6.3) 21.5(7.9)

5/6Nx + control 5/6Nx + FGF23-Ab 5/6Nx + FGF23-Ab

Ab (HPD) (3 mg/kg) (HPD) (10 mg/kg) (HPD)
(n=14) (n=14) (n=8)
44,55 (7.76)* 44,39 (0.89)A 38.75 (9.89)
13.79 (5.23) 14.34 (5.12) 7.88 (2.97)8
36.07 (5.88)C 36.54 (6.18)¢ 27.25 (4.91)0
2.45(0.51)¢ 2.72 (0.53)¢ 1.91 (0.31)8
0.88 (0.22)¢ 1.01 (0.32)¢ 0.51(0.08)°
18.26 (14.79)A 10.36 (13.34) 2.66 (3.75)8
32.37 (9.83) 25.09 (5.53) 23.87 (10.28)
6.98 (5.66)* 4.44 (5.63) 1.54 (1.14)8
396.30 (764.59) 2059.74 (5841.28) 983.54 (619.47)
5.8 (2.1)F 6.3 (2.0)A 9.4 (2.6)cP
45.8 (6.3)C 42.7 (7.0)° 36.7 (6.0)AD
41.1 (6.5)¢ 38.4 (7.2)¢ 31.5 (5.9)AD

Data represent mean + SD. AP < 0.01, compared with sham-treated plus control Ab, ANOVA plus Tukey’s post-test. BP < 0.05, compared with 5/6Nx plus
control Ab, ANOVA plus Tukey’s post-test. °P < 0.001, compared with sham-treated plus control Ab, ANOVA plus Tukey’s post-test. PP < 0.01 compared with
5/6Nx plus control Ab, ANOVA plus Tukey’s post-test. EP < 0.05, compared with sham-treated plus control Ab, ANOVA plus Tukey’s post-test.

ments. Whereas low-dose treatment had no effect on dynamic
bone parameters, high-dose treatment returned mean dynamic
histomorphometry values to those of the sham-treated control
group (Table 3). Thus, FGF23-Ab treatment ameliorated CKD-
associated high bone turnover disease.

Discussion

This study examined the effects of chronic, 6-week FGF23-neu-
tralizing Ab treatment on secondary HPT and comorbidities in
a rat CKD model. Many of the mineral disturbances and comor-
bidities observed in humans with CKD-MBD are also prevalent in
this model, including low levels of serum vitamin D and calcium
with increased serum phosphate load and cardiovascular compli-
cations, such as LVH. Serum FGF23 levels also rise in 5/6Nx HPD
rats, as is observed in humans with CKD (32).

The dosing frequency and FGF23-neutralizing activity of the rat
anti-rat FGF23-Ab utilized in this study was determined in vivo by
demonstrating a rapid and sustained rise in serum phosphate in nor-
mal mice and rats following a single dose of FGF23-Ab. These results
were consistent with earlier findings with a different FGF23-Ab (31).

Table 4

In the current study, FGF23-Ab treatment led to higher serum
vitamin D, calcium, and phosphate and lower serum PTH lev-
els for up to 5 weeks compared with those of CKD control rats.
Changes in FEp; were variable, and 24-hour urinary phosphate
was not affected by FGF23-Ab treatment. Thus, the treatment-
induced worsening of hyperphosphatemia may not be explained
solely by lower FEp;. The FGF23-Ab-induced elevations in
vitamin D, which increases intestinal phosphate uptake, may
have partially contributed to hyperphosphatemia in these ani-
mals. The serum PTH reductions observed up to week 5 in the
high-dose group may have reflected the PTH-lowering effect
of increased circulating vitamin D and calcium. Alternatively,
FGF23 may have directly regulated PTH expression and secretion
by the parathyroid gland (33). Unfortunately, the FGF23-induced
suppression of secondary HPT by FGF23-Ab treatment was not
sustained in the high-dose group beyond 5 weeks of treatment,
when an upward trend in serum PTH levels and an associated
serum phosphate load increase were observed in some rats in
the high-dose group. Specifically, at week 6, 4 rats had serum
PTH levels (range 3870 to 13 409 pg/ml) 2-fold higher than

Body and organ weights in 5/6Nx and control rats treated with FGF23-Ab or control Ab for 6 weeks

All rats enrolled in study

n Pretreatment n

BW (g) day 42
Normal + control Ab (ND) 10 408 (14) 10
Sham + control Ab (HPD) 12 427 (47) 12
5/6Nx + control Ab (HPD) 16 329 (40)AB 14
5/6Nx + FGF23-Ab (3 mg/kg) (HPD) 16 336 (38)AB 14
5/6Nx + FGF23-Ab (10 mg/kg) (HPD) 16 344 (41)AB 8

Rats that completed study

Pretreatment Final BW Heart weight  Heart/body weight
BW (g) day 42 (g) day 84 (g) day 84 ratio (%) day 84
408 (14) 516 (15) 1.53 (0.10) 0.30 (0.02)
427 (47) 511 (64) 1.46 (0.18) 0.29 (0.01)
340 (38)AB 382 (57)AB 1.36 (0.16) 0.36 (0.04)8¢
339 (39)AB 383 (72)A8 1.46 (0.18) 0.39 (0.05)A8
347 (62)8C 380 (62)A8 1.52 (0.23) 0.41 (0.07)A8

Data represent mean + SD. AP < 0.001 versus normal plus control Ab, ANOVA plus Dunnett’s post-test. BP < 0.001 versus sham-treated plus control Ab HPD,
ANOVA plus Dunnett’s post-test. °P < 0.01 versus normal plus control Ab, ANOVA plus Dunnett’s post-test.
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baseline and serum phosphate levels (range 17.3 to 38.0 mg/dl)
3- to 4-fold higher than baseline.

Most importantly, more ME rats were found in the high-dose
group than in the low-dose and control Ab 5/6Nx groups. The
increased mortality in the FGF23-Ab high-dose group was at least
partially attributed to renal failure and was not due to Ab load,
since the 5/6Nx control Ab group received an equivalent amount
(10 mg/kg) of control Ab with the same dosing frequency.
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ok Figure 5

Sk FGF23-Ab treatment did not signifi-
e * cantly affect expression of markers
of kidney pathology. (A) Cyp27b1
(1a[OH]ase). (B) Cyp24ail (24-
[OH]ase). (C) SIc34a1 (NaPi2a). (D)
Klotho. Transcript levels were nor-
malized to mRNA levels for Gapdh,
Hprt1, Ppib in the same sample.
***P < 0.001 for comparisons as
designated on figures. Animal num-
bers in each group are the same as
those described in Figure 3, except
for 5/6Nx + FGF23-Ab (10 mg/kg),
HPD (n = 8 instead of 9). Data rep-
resent mean + SEM.
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CKD rats in this study were fed a HPD, which raises the ques-
tion of whether certain results, such as the observed increase in
vascular calcification in the FGF23-Ab-treated animals, might
have been different using a normal- or low-phosphate-contain-
ing diet. The HPD was chosen because it simulates the Western
diet of many CKD patients (34-37) and potentiates disease pro-
gression in the 5/6Nx rats, which facilitates studying this dis-
ease model. It is possible that a normal- or low-phosphate diet
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Figure 7

FGF23-Ab increases aortic calcification in 5/6Nx rats on a high-phosphate diet. (A) Aortic calcification score was higher for FGF23-Ab—treated
5/6Nx rats after 6 weeks of treatment. Semiquantitative mean calcification score: none, 0; minimal, 1; mild, 2; moderate, 3; marked, 4; severe, 5.
Overall comparison for CKD groups: P < 0. 0001 Kruskal-Wallis test. (A) **P = 0.0056, ***P = 0.0006, ****P = 0.0001, Wilcoxon’s exact test; (B)
Serum phosphorus, ****P < 0.0001. (C) Serum calcium. No significance between sham-treated and/or 5/6Nx groups. Animal numbers in each
group are the same as those described in Figure 5. Results are presented for individual animals and mean + SEM.

would lessen the extent of FGF23-Ab-induced mineral imbal-
ances, thus preventing the occurrence of vascular calcifications
observed in this study. However, the observed elevation in serum
phosphate is a predicted pharmacodynamic outcome of FGF23
neutralization when functional target tissue (i.e., kidney) is pres-
ent. Indeed, in other studies in normal mice and CKD rats fed
a normal-phosphate-containing diet, FGF23-neutralizing Abs
also increased serum phosphate, but the long-term effect of
FGF23 neutralization on vascular calcification was not exam-
ined (31, 38). The appearance of soft tissue calcifications is also
observed in FGF23-null mice that exhibit deregulated mineral
metabolism (3). Future studies using dietary or pharmacological
control of phosphate and studies using phosphate and FGF23
clamping are needed to better determine the direct contribu-
tion of impaired phosphate and mineral homeostasis to the
pronounced vascular calcification and morbidity observed upon
FGF23-Ab treatment in this study.

The increased serum calcium caused by FGF23-Ab treatment
likely resulted from the higher serum vitamin D, which would lead
to increased intestinal calcium absorption. Concordantly, FGF23-
null mice exhibited elevated serum vitamin D and calcium despite
lower serum PTH (3). The increased urinary calcium observed
in FGF23-Ab-treated CKD rats is consistent with higher serum
calcium and lower tubular calcium reabsorption in response to
reduced serum PTH levels brought about by prolonged suppres-
sion of FGF23, higher vitamin D and calcium, and contrasts with
findings in FGF23-overexpressing mice (39). The contribution of
increased osteoclast activity to higher serum calcium (and phos-
phate) levels after treatment is unknown, but remains a formal

Figure 8

Histology of rat proximal tibia showing increased bone/osteoid accu-
mulation in 5/6Nx control animals and improvement upon FGF23-Ab
treatment. Bone sections were subjected to von Kossa and tetrachrome
staining. (A) Normal plus control Ab; (B) sham-treated plus control
Ab; (C) 5/6Nx plus control Ab. (D) 5/6Nx + FGF23-Ab (10 mg/kg).
Original magnification, x40.
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possibility given the increase in osteoclast surface observed at the
end of the study in FGF23-Ab-treated CKD rats.

The lack of an FGF23-Ab effect on renal 10-(OH)ase and 24-(OH)
ase expression likely reflects the opposing actions of elevated circu-
lating PTH and FGF23 at week 6. Additionally, lack of FGF23-Ab’s
effect on NaP2a expression is consistent with no observed effect on
FEp; at week 6 and likely also due to the higher serum levels of PTH
as a negative regulator of NaP2a (40, 41), at this final time point.

The observation in this study that FGF23-Ab treatment deregu-
lated mineral homeostasis and caused vascular calcification cou-
pled with published data from FGF23 loss-of-function mutations
in mice that also exhibit elevated serum phosphate and increased
soft tissue and vessel calcifications in the presence of a functioning
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kidney (3) implicate a contribution of increased serum phosphate
levels to this pathology. FGF23-Ab-treated rats with aortic calcifi-
cations had normal or elevated serum calcium and higher serum
phosphate than that found in 5/6Nx control Ab rats, whose aortae
did not calcify. Although unlikely, due to the continued elevations
in serum phosphate during the treatment period that indicated
FGF23 activity was continuously inhibited, we cannot exclude the
possibility that the high-dose FGF23-Ab elicited a compensatory
response in FGF23 that may have had a direct impact on the vessel
wall. Given data implicating elevated serum phosphate, potenti-
ated by increased serum vitamin D, in promoting vascular calcifi-
cation (42, 43), sustained elevations of high serum phosphate in
the presence of elevated vitamin D likely contributed directly to
the vascular calcification observed in the high-dose group.

Numerous studies have correlated increased serum FGF23 levels
with CKD disease progression, LVH, cardiovascular disease, and
mortality (22-26). Recently, local and systemic FGF23 administra-
tion to normal mice induced pathological heart remodeling and
marker gene expression (27). Together with in vitro studies using
cardiomyocytes, these studies indicated that FGF23 can have a
direct impact on the heart. In our study, heart/body weights were
higher for 5/6Nx rats, and expression of pathological heart hyper-
trophic markers were elevated, despite minimal LVH. Significant
LVH may have required a longer time to manifest and or more
detailed quantitative histomorphometric microanalyses. Nonethe-
less, we detected no treatment effect of FGF23-Ab on the cardiac
parameters measured. Our study differed from that by Faul et al.
(27), who administered a nonspecific FGF receptor inhibitor to
5/6Nx rats fed a normal diet immediately after 5/6Nx surgery for
14 days, whereas FGF23-Ab was dosed after established renal failure
(6 weeks after 5/6Nx) in HPD-fed rats for an additional 6 weeks. As
mentioned, our findings are complicated by disturbances in mineral
homeostasis that resulted from longer-term FGF23-Ab treatment,
whereas no such disturbances were reported by Faul et al. (27).

It is of interest that even in the context of deregulated mineral
homeostasis, FGF23-Ab treatment improved the hyperparathy-
roid bone disease observed in CKD-MBD 5/6Nx rats. The observed
improvements in bone parameters were consistent with the degree
of serum PTH reduction resulting from FGF23-Ab administra-
tion. The described relationship between improved bone mineral-
ization and decreased vascular calcifications (44) was not observed
in this model. It is likely that the contrasting effects of FGF23-Ab
on bone and the vasculature were, in part, secondary to effects on
vitamin D, phosphate, and PTH. Increased serum vitamin D and
decreased serum PTH likely contributed to improvements in bone
turnover and mineralization observed in this model, whereas ele-
vated serum vitamin D and concomitant disturbances in mineral
balance caused by FGF23 neutralization promoted calcification.

In conclusion, in a rat model of early CKD fed a HPD, chronic
neutralization of FGF23 increased serum vitamin D, decreased sec-
ondary HPT, and improved numerous bone parameters. Unfortu-
nately, these beneficial effects were countered by increased serum
phosphate levels, resulting in part from the inhibition of FGF23’s
phosphaturic activity on the residual kidney, which likely contrib-
uted to the increased mortality and vascular calcification observed
in rats treated with the high dose of FGF23-Ab. Additional studies
are needed to assess the effect of FGF23 neutralization in CKD-
MBD rats with adequately controlled phosphate levels and at dif-
ferent stages of CKD, including end-stage renal disease. In dialysis
patients, FGF23 levels are significantly elevated, and the phospha-
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turic effect of FGF23 is less relevant because of diminished renal
function. Whether neutralizing FGF23 in these individuals would
ameliorate the proposed deleterious extrarenal effects of supra-
physiological FGF23 on the cardiovascular system (27) while obvi-
ating the impairments of mineral homeostasis described in this
manuscript warrants further studies in preclinical models.

Methods

Rat anti-rat FGF23-Ab generation

Rats were immunized with CHO cell-expressed, wild-type rat FGF23.
Hybridoma supernatants were screened for FGF23-specific Abs using an
indirect ELISA with immobilized goat anti-rat IgG followed by a Biacore
sensor chip-binding assay: anti-FGF23-Abs were captured by goat anti-
murine-Fc immobilized on Biacore sensor chips, and FGF23 (100 nM)
binding to the captured Abs was monitored.

CHO-Kl-expressing cell binding assay. CHO-KI cells were seeded 6 hours
before assay. Abs (in 10% conditioned medium final concentration) were
preincubated with biotinylated rat FGF23 for 1 hour in assay buffer (2%
BSA in PBS with Ca'? and Mg*?). FGF23-Abs were incubated with CHO-KI
cells for 1 hour. Streptavidin-europium was added for an additional 15
minutes before measuring FGF23 binding.

Biacore sensor chip inhibition binding assay. FGFRs 1c, 3¢, and 4 were immo-
bilized onto Biacore chips (GE Healthcare), and purified FGF23 (20 nM)
+wklotho (20 nM) binding was examined after preincubation for 30 min-
utes with anti-FGF23-Abs (500 nM).

FGF23 and purified FGF23-neutralizing Ab activity assays. Parental CHO cells,
CHO-ELK-1, or CHO-ELK-1 luciferase reporter cells expressing o klotho
(CHO-KI-ELK-1) were serum deprived overnight and exposed for 4 hours
to rat FGF23R176Q/R179Q (40 pM), rat FGF23R176/179Q preincubated
for 30 minutes with anti FGF23-Abs (10 to 10° nM), or control medium.
Luciferase reporter activity was assayed. Each FGF23-Ab was then evalu-
ated in normal male Balb/c mice (1.25 mg/kg, iv.,n = 5 to 10) and normal
young-adult male Sprague Dawley rats (10 mg/kg, i.p., n = 4) for its abil-
ity to increase serum phosphate. Polyclonal goat anti-human FGF23-Ab
(R&D Systems), a rat isotype control Ab (IgG2a), and Ab vehicle (PBS) were
used as controls.

Animals, surgery, and treatment

Chronic renal insufficiency was induced by a 2-step surgery in age-matched
male Sprague Dawley rats (250 to 275 g; 95 days old) by a procedure that
reduces the original functional renal mass by five-sixths (5/6Nx) (45). The
second surgery occurred 6 weeks prior to treatment. Day 0 of the study is
defined as the date of the initiation of compound treatment. After surgery,
Harlan-Tekland 22/5 diet 8640 (normal diet; ND) (1.13% calcium, 0.94%
phosphorus, 22.58% protein, 2.99 IU vitamin D) was provided to all animals
ad libitum. Three weeks prior to treatment, all animals that had undergone
sham or 5/6Nx surgery were provided a HPD (0.6% Ca, 1.21% P, 18.6% pro-
tein, 2.2 IU vitamin D; 585Y, Dyets Inc.) ad libitum, except during fasting
for urine collection, until necropsy. Normal control animals continued on
ND until scheduled necropsy. Body weights were measured for all animals
once weekly (+1 day) starting 3 weeks prior to treatment. 5/6 Nx groups
were balanced based on body weight, serum creatinine and phosphorus,
BUN and PTH levels: (a) ND, n = 10; (b) sham-treated HPD, n = 12; (c) 5/6Nx
+ control Ab (HPD), n = 16; (d) 5/6Nx + FGF23-Ab (3 mg/kg) (HPD), n = 16;
(e) 5/6Nx + FGF23-Ab (10 mg/kg) (HPD), n = 16. Neutralizing FGF23-Ab
or an isotype control Ab (IgG2a) was then administered 3 times per week
for 6 weeks beginning on day 0 (baseline) via intraperitoneal administra-
tion. Animals were dosed at 6 ml/kg. Mortality was tracked throughout the
study. Necropsy was not performed on animals that died early.
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Blood and urine collection and chemistry analysis

Heparinized blood was collected weekly from the jugular veins of iso-
fluorane-anesthetized 5/6Nx animals starting after surgeries and con-
tinuing through the end of treatment at week 6. Blood samples were
processed for serum, and the various chemistry parameters were deter-
mined using an Olympus AU640e Chemistry-Immuno Analyzer. Serum
PTH was assayed using a bioactive, intact PTH (iPTH) ELISA (Immutop-
ics) and serum FGF23 using an intact FGF23 ELISA (Kainos). Animals
were placed into metabolic cages once weekly beginning 1 week before
treatment and continuing through the end of treatment at week 6.
Urine samples were collected on wet ice for at least 8 hours and not more
than 18 hours. Data were adjusted to tabulate per 24-hour collection.
The animals were not offered food while housed in the metabolism cage.
Urine samples were analyzed for the various parameters shown in Figure 2
using an Olympus AU640e Chemistry Immuno-Analyzer. eGFR was
determined using the following formula: (urine creatinine x 24-hour
urine volume/serum creatinine).

1,25(OH),D; analysis

Serum (150 ul aliquots) was collected into glass tubes with Teflon liner
caps and stored at -70°C until analysis. The samples were analyzed in such
amanner that a single animal’s samples from all time points were analyzed
in a single run. The samples were analyzed using an assay from Immuno-
diagnostic Systems Inc.

Cancellous bone histomorphometry

Xylenol orange (90 mg/kg) was administered s.c. on day 74 and calcein (10
mg/kg) on day 81. At harvest, 1 tibia was immersed in zinc formalin for 24
hours, placed in 70% ethanol, and processed for plastic embedding. Bone
samples (proximal tibiae from rats) were dehydrated in increasing con-
centrations of ethanol and embedded undecalcified in modified methyl
methacrylate. Longitudinal sections of embedded bones were cut at thick-
nesses of 4 and 8 um with Leica/Jung 2065 and 2165 microtomes. The
thinner sections were stained according to the von Kossa method with a
tetrachrome counterstain, while the thicker sections remained unstained
for collection of fluorochrome-based data. All data were collected with the
Osteomeasure System (OsteoMetrics). The sample area (region of inter-
est) within the proximal tibial metaphysis began 0.5 mm proximal to the
growth plate to exclude the primary spongiosa. The following variables
were measured in the stained sections: cancellous bone volume (BV/TV,
%), trabecular width (Tb.Wi, wm), trabecular number (Tb.N, no./mm),
trabecular separation (Tb.Sp, wm), osteoclast surface (Oc.S/BS, %), osteo-
blast surface (Ob.S/BS, %), and osteoid surface (OS/BS, %). The following
fluorochrome-based variables were measured in the unstained sections:
single-labeled surface (sLS/BS, %), double-labeled surface, (dLS/BS, %),
mineralizing surface (MS/BS, [dLS + sLS/2]/BS, %), mineral apposition
rate (MAR, um/d), and bone formation rate (BFR/BS, MS/BS x MAR,
um3/um?/d). Rats were distributed to the experimental groups as follows:
normal + control Ab, ND (n = 10; sham-treated + control Ab, HPD (n = 12);
5/6Nx + control Ab, HPD (n = 14); 5/6Nx + FGF23-Ab (3 mg/kg), HPD
(n =14); 5/6Nx + FGF23-Ab (10 mg/kg), HPD (n = 8).

Histopathological assessments of the remnant kidney

Remnant kidneys were isolated at the end of the study and processed for
histology. All sections were reviewed semiquantitatively by a pathologist
blinded to the study design. Nephropathy was categorized by the presence
of several findings within both the renal cortex and medulla. These find-
ings included interstitial fibrosis; mononuclear to mixed cell tubule inter-
stitial inflammation; tubular changes, which included tubular necrosis,
degeneration, regeneration, ectasia, and luminal casts; multifocal mineral-
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ization; rare arterial vascular changes, including intimal/medial hyperpla-
sia; and secondary glomerular changes, including rare multifocal prolifera-

tive glomerulopathy and glomerulitis.

Histopathological assessments of heart and aorta

Heart weights were obtained at harvest. Hearts and thoracic aortae were
processed for histology. von Kossa-stained sections of the aortic arch
region were examined semiquantitatively by a blinded pathologist who
scored the degree of mineralization using as follows: 0, none; 1, minimal;
2, mild; 3, moderate; 4, marked; 5, severe. The average score was obtained
and reported as mean + SEM from the following groups of animals: nor-
mal + control Ab, ND (n = 10); sham-treated + control Ab, HPD (n = 12);
5/6Nx + control Ab, HPD (n = 14); 5/6Nx + FGF23-Ab (3 mg/kg), HPD
(n=14); 5/6Nx + FGF23-Ab (10 mg/kg), HPD (n = 8).

RNA analysis

RNA homogenates of kidney and heart ventricles were prepared using
the QuantiGene Sample Processing Kit for Frozen Animal Tissue
(Affymetrix Inc.) from each animal group: normal + control Ab, ND
(n = 10); sham-treated + control Ab, HPD (n = 12); 5/6Nx + control Ab,
HPD (n = 14); 5/6Nx + FGF23-Ab (3 mg/kg), HPD (n = 14); 5/6Nx +
FGF23-Ab (10 mg/kg), HPD (n = 8). RNA was assayed using the Kid-
ney Plex Set 31037 (Cyp24al [24-(OH)ase], Cyp27b1, Slc34al [NaPi2a],
klotho); Heart Plex Set 31119 (Natriuretic peptide precursor type B
[Nppb], myosin heavy chain 7, cardiac muscle, § [Myh7], al-actin skel-
etal muscle [Actal], smooth muscle o actin [Acta2]). Housekeeping genes
were included in each Plex Set as follows: Gapdh, hypoxanthine guanine
phosphoribosyl transferase (Hprt), or peptidylprolyl isomerase B (Ppib,
cyclophilin B) (Affymetrix Inc.).

Statistics
Values for BUN, serum creatinine, serum phosphate, serum PTH, serum
total calcium, and serum vitamin D were log transformed prior to sta-
tistical analysis. Results from rats prematurely euthanized were excluded
from all analyses. Vitamin D values reported as lower limit of quantifi-
cation (LLQ) were assigned a value of 20 for the statistical analysis (the
lower limit of detection for the assay). P < 0.05 was considered significant.
Unless stated otherwise, figures present mean + SEM. A survival graph
was created using the product limit method of Kaplan-Meier to illustrate
the time at which deaths occurred within each treatment group. Survival
curves were compared using the log-rank test.

Renal impairment was verified by employing an ANOVA for each
parameter at baseline (values obtained prior to treatment administration)
with each 5/6Nx group compared with the sham-treated group using
Dunnett’s post-hoc test.

An ANOVA at each assessment was employed on serum phosphate for
studies that did not include 5/6Nx rats and on histomorphometry, cardiac
hypertrophy markers, kidney parameters, body weight, and organ weight
for the study with 5/6Nx rats. Tukey’s post-hoc test was employed when-
ever multiple comparisons were warranted. The analysis of aortic calcifica-
tion employed a Kruskal-Wallis test followed by a Wilcoxon’s exact test for
each pairwise comparison.

For the primary 5/6Nx rat study, each of the other parameters was eval-
uated using repeated measures analysis of covariance (ANCOVA) with
the baseline value as the covariate. Each parameter except vitamin D was
then analyzed using an ANCOVA at each assessment due to significant
treatment by day interaction. Vitamin D was analyzed using repeated-
measures ANCOVA without the interaction effect in the model. Each
5/6Nx plus Ab group was compared with the 5/6Nx plus control group
using Dunnett’s post-hoc test.
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